With the rise in wireless data communications, it is increasingly important that antennas be able to deliver the strongest and most consistent signal possible to a receiver. The evolvable antenna system in this paper shows that an evolutionary algorithm and a reconfigurable antenna can be used to optimize received signal strength in "real" surroundings and outperform a conventional antenna.
Introduction
Wireless systems depend on many components in order to receive and transmit data. Each component is a link in a chain, and the system will not function well without strong performance from each component.
Antennas are one such component in a wireless system. Without a properly functioning antenna, wireless devices become essentially useless. On the other hand, an antenna that receives as much energy as is available from the signal and delivers it to the next component can help.
The evolvable antenna system in this paper shows that an evolutionary algorithm and a basic reconfigurable antenna can be used to optimize received signal strength, not on a controlled antenna range or in simulation, but in "real" surroundings. The system shown here is not a mere simulation. Rather, a physical, computer-controlled antenna that can be evolved to maximize antenna/receiver system performance has been constructed and tested.
Previous work in this area [6] used a system with frequencies ranging from 125 to 512 MHz, but required an AM signal with only a constant, single modulated tone to determine antenna performance. The system presented here uses a received signal strength indicator (RSSI) voltage to gauge antenna quality, at a single frequency of 2.4 GHz. Digital data can be transmitted across the network while the signal is being optimized.
The evolvable antenna system
The evolvable antenna system that will be discussed in this paper is depicted in the block diagram in Figure 1 . Each component of this system is then described below. 
Reconfigurable antenna
The central component in this system is the reconfigurable antenna. The antenna consists of a printed circuit board with traces connected by switches arranged to provide flexibility and good antenna solutions.
Mechanical reed relays are used as switches. They have the advantages of very high resistance, low capacitance, no DC bias requirement, and electrical separation that is orders of magnitude greater than solidstate devices. They also can be driven by 5-volt TTL signals, and they mimic the more desirable MEMS solution, which is likely to be implemented in future efforts once such devices are more commonly available. In addition, since the antenna is connected to a transceiver that sends as well as receives, the relays provide better assurance of handling the power required. The switches are controlled through shielded cables intended to limit the RF energy carried back to the control system. In addition, the coils that control the relays are lossy, providing a means of sinking the energy that does manage to couple into the control wires.
The dimensions of the antenna built and tested were 13.2 cm by 10.5 cm, giving a diagonal length of 16.9 cm, or 1.35 wavelength at 2.4 GHz. The distance between relays was about 2.1 cm.
The reconfigurable antenna topology that was tested is shown in Figure 2 , and consists of traces connecting 48 switches and one feed point. It allows a wide range of performance with different combinations of switch positions. Simulation of the reconfigurable antenna shows that it can change the direction of its maximum gain while maintaining a good impedance match to the transceiver. It therefore appears that the topology chosen is good enough to allow flexibility to solve interesting reception problems. As shown, the feed point is located in the center of the array, and is connected to the receiver by a 50-ohm coaxial cable. An SMA connector soldered to traces at the center of the antenna was used as a balun, as can be seen in the photograph above.
Antenna control interface
The interface that controls the antenna is comprised of both software and hardware. The software translates the chromosome constructed by the evolutionary algorithm into a string that is output through a standard Universal Serial Bus (USB) port to a National Instruments DAQPad-6507. The DAQPad is a very flexible piece of control interface hardware, allowing the input and reception of low-rate TTL logic signals. A maximum of 96 bits can be output or received on this device. It was used to drive the 48 relay switches of the antenna directly, and to read the 8-bit output of the ADC.
RF transceiver
The transceiver is an Aerocomm PKLR2400S that operates at 2.4 GHz. Its transmitter is rated at 10 mW. It has a serial port on board, and allows access to a received signal strength indicator (RSSI), which has an output between 0.5 V and 4.5 V. This RSSI is used to provide feedback to the evolutionary algorithm on the antenna's performance.
This transceiver also has the capability of sending digital data to another transceiver of its kind. This data can be transmitted without interfering with the optimization process.
Analog-to-digital converter
The RSSI voltage is an analog signal. It is converted into an 8-bit digital signal using an A to D converter, which is read by the DAQPad used to control the antenna. The evolutionary algorithm uses this digital signal to measure antenna performance.
Evolutionary optimization software
Evolutionary algorithms have been used for many different problems since the 1960s [1, 2] . [3] is an excellent survey of how evolutionary algorithms have been applied to various electromagnetic problems.
The optimization software is based on the evolutionary optimization library written by the author of this paper, which is an extensive, general-purpose library developed over several years. It has been shown to work extremely well on many different antenna problems [4, 5] .
The evolutionary algorithm used in this research is a genetic algorithm (GA) that uses a binary chromosome, since the reconfigurable antenna is made of switches that are either on or off. The GA uses conventional mating and mutation techniques (single-point crossover and bitflip mutations) to evolve effective designs from an initial random population. Figure 3 illustrates the mapping between the binary chromosome and the reconfigurable antenna. There are two reasons for the chromosome being mapped in the manner shown above. First, viewing the chromosome can give greater insight into the connections that are favored during optimization. In particular, the six switches closest to the feed can give an indication of whether the antenna is working as expected. If, for example, all six innermost switches are off, the antenna is essentially disconnected from the feed. If this configuration is favored, then this indicates that the antenna is not working properly, and there is a problem with the antenna itself or the connection between the transceiver and the antenna.
Second, in this antenna, the switches nearest to a given switch have the largest impact on its performance, and the closer a switch is to the antenna feed, the more sensitive the antenna will be to that switch's setting. Thus, switches that are physically closer to each other and to the feed are closer together on the chromosome.
It can be seen that it is physically significant for the chromosome to use single-point crossover, as there is a natural head-to-tail bias. The first bit of the chromosome is strongly coupled to the bits nearby but very weakly coupled to the bits at the end of the chromosome.
The GA used an averaged digitized RSSI voltage as its objective function, with higher values being the desired outcome. The method of scoring antennas will be discussed further in section 4.
The software operates as follows:
1. The algorithm sets a switch configuration for the antenna, representing one member of the population. 2. The voltage level of the RF receiver's RSSI output is digitized using an A/D converter. 3. Many samples of the RSSI digital value are combined to be used as the score of the individual (higher is better). 4. The algorithm repeats steps 1-3 until all population members are evaluated. 5. The algorithm generates a new set of antennas using crossover and mutation. 6. Steps 1-5 are repeated until the GA is converged.
The GA used a population of 10 chromosomes, with the top 50% kept each generation, and was run for 10 generations.
Computer receiving/transmitting data
A computer can be connected to the transceiver through a serial port to send and receive data. The transceiver used can transmit data up to 57,600 baud. This block is independent of the optimization process, and can be omitted entirely.
Though the data connection does not affect optimization, it is affected by the optimization. During optimization, the signal is occasionally lost when poor antennas are tried, and the signal is improved when good antennas are used. The transceivers used re-link instantly when the signal returns after a poor antenna has been tested. This robustness is important for the system to be useful during optimization.
Test setup
Testing was accomplished using another Aerocomm PKLR2400S to generate an incoming 2.4 GHz signal. Unlike with previous work involving this type of antenna system [6] , 2.4 GHz was the only frequency available. A ½ wave dipole was connected to the transmitter. The antenna and transmitter were placed 30 wavelengths (3.75 m) away from the receiver.
A commercial 5/8-wavelength antenna was used as a baseline for comparison with the evolvable antenna system. It has a nominal gain at the horizon of 3.0 dBi, and a 50 ohm impedance at 2.4 GHz. It is about 23 cm long. This is a fairly broadbeam antenna, with better gain than a dipole yet with no azimuth dependence. It replaced the reconfigurable antenna at the RF receiver's antenna input when measurements were taken, and it was placed at the same distance from the transmitter as the reconfigurable antenna.
The evolvable antenna was set upright, with the longest dimension vertical, oriented in three ways: broadside, so that the plane of the antenna was perpendicular to the incoming signal; endfire, so that the plane of the antenna was parallel to the incoming signal; and 45 degrees off-axis, exactly between the broadside and endfire orientations.
The surroundings were certainly not the sterile environment of the test range, but there was little metal other than the control lines and transceiver hardware within a few wavelengths around the antenna.
Though it is possible to send data between the two transceivers while the reconfigurable antenna is being optimized, the focus was on optimizing the RSSI and not on data transmission. Preliminary research has found a relationship between better RSSI and better data transmission, but this is an area for future work.
Results
The measure of quality is the RSSI voltage that can be achieved. The voltage is converted into an 8-bit digital signal, giving 256 different possibilities. The A/D conversion is against a low reference of ground and a high reference of 5 volts. The RSSI nominally varies between 0.5 and 4.5 volts, so the lowest digital value should be about 26, and the highest about 230.
There was a substantial amount of noise in the RSSI voltage, however. Figure 4 shows the difficulty in using this indicator. A single antenna configuration was tested, which ideally should give a constant RSSI voltage. The top line appears to be an invalid (but noisy) voltage that occurs while the transceiver is transmitting.
The middle line appears to be the actual received signal strength, though it is also very noisy.
The RSSI voltage not only has random noise from sample to sample, but also seems to be vulnerable to longer-term sags and surges that take about a second to pass. As seen in the graph above, the noise was clearly non-Gaussian. To combat these problems, the RSSI voltage was averaged using 100 samples, removing the likely-spurious scores above a pre-set value of 150. This averaging method was then repeated, and the two results were averaged to produce a final score for the antenna.
With the RSSI voltage averaged in this manner, the scoring was fairly reliable, and seemed to vary within digitized values of about 94 and 131. Future work will need to explore better methods to improve the range and reliability of this type of RSSI voltage.
During optimization, the evolvable antenna showed a remarkable difference between good and poor solutions. The poorest configuration noted had a score at the noise floor of around 94, and the best had a score of around 130, which is very close to the highest value possible. This wide range in performance shows that the switch configurations determine the antenna's characteristics. If this range were small, then the antenna performance would be determined mainly by the basic antenna topology, not the positions of the switches, and the ability of the GA to reconfigure the antenna would be limited. As it is, however, the GA's configuration of switches determines the outcome of the optimization. Good performance is thus the result of GA optimization, not some inherent quality of the antenna. The evolvable antenna system showed better performance than the baseline antenna at each orientation, though the endfire was the weakest. It is difficult to specify how much more gain is achieved with the evolvable antenna, but it appears to be on the order of 3 dB at broadside, using the nominal curve for RSSI vs. system gain given by the manufacturer.
Conclusion
Results thus far are promising. The evolvable antenna outperformed the 5/8-wave antenna at three orientations.
The antenna in this paper required about 8 minutes to reach an optimal solution, most of which was spent resampling the RSSI value. Methods to improve the time to optimize must be explored.
Other future efforts will involve testing under difficult environmental conditions to determine how the evolvable antenna system is able to adapt to surroundings that affect conventional antenna performance, and speeding up the optimization process to handle rapidlychanging environments.
